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We report studies of unfolding and ultrafast hydration dynamics of
the protein human serum albumin. Unique in this study is our
ability to examine different domains of the same protein and the
intermediate on the way to the unfolded state. With femtosecond
resolution and site-selective labeling, we isolate the dynamics of
domains I and II of the native protein, domain I of the intermediate
at 2 M guanidine hydrochloride, and the unfolded state at 6 M of
the denaturant. For studies of unfolding, we used the fluoro-
phores, acrylodan (covalently bound to Cys-34 in domain I) and the
intrinsic tryptophan (domain II), whereas for hydration dynamics,
we probed acrylodan and prodan; the latter is bound to domain II.
From the time-dependent spectra and the correlation functions, we
obtained the time scale of dynamically ordered water: 57 ps for the
more stable domain I and 32 ps for the less stable domain II, in
contrast to �0.8 ps for labile, bulk-type water. This trend suggests
an increased hydrophilic residues–water interaction of domain I,
contrary to some packing models. In the intermediate state, which
is characterized by essentially intact domain I and unfolded domain
II, the dynamics of ordered water around domain I is nearly the
same (61 ps) as that of native state (57 ps), whereas that in the
unfolded protein is much shorter (13 ps). We discuss the role of this
fluidity in the correlation between stability and function of the
protein.

Hydration is an integral part of protein folding and unfolding.
There are several models that deal with the issue of

hydration, ranging from the crude hydrophobic (oil�water-like)
description to the iceberg and energy landscape models (1–6).
Clearly, both entropic and enthalpic, including heat capacity,
changes (1–3) must be considered in the treatment of any model.
What have not been directly probed experimentally are the
relevant time scales involved in hydration dynamics and associ-
ated protein local motions. In this article, we study the dynamics
of hydration (ref. 7 and references therein and ref. 8) in the
different states of unfolding for the protein human serum
albumin (HSA). Previously, in this laboratory, we have studied
the dynamics of HSA molecular recognition (9), and here we
report on the dynamics of hydration and unfolding of different
domains of the protein, with the goal of elucidating the influence
of specific regions of the landscape on dynamics and function.
We use site-selective labeling in these domains and correlate
hydration in different states with the degree of unfolding, or
more accurately with the degree of denaturation (1).

HSA, which is the most abundant protein in the circulatory
system, binds and transports a wide variety of fatty acids,
metabolites, and drugs (10). It is a monomeric globular protein
of 585 aa having three structurally similar �-helical domains I–III
(11, 12). Several studies on the unfolding pathways of HSA have
been reported in the literature (13–18). Most of the studies
inferred that the unfolding of HSA by denaturants, such as urea
and guanidine hydrochloride (Gdn�HCl), occurs through a
highly cooperative two-state process involving only the native
and unfolded states (13–16). However, some recent studies
suggested that Gdn�HCl unfolding of HSA occurs through
incremental loss of structure, with no stable intermediate state
(17), whereas another study reported that unfolding occurs in
multiple steps, with at least one intermediate (18). Thus, the

presence of an intermediate state in the unfolding pathway of
HSA remains controversial.

The unfolding studies reported here with �30 data points, for
the sake of isolating possible intermediates, indicate the pres-
ence of an intermediate at 2–2.4 M Gdn�HCl and that it is
characterized by an unfolded domain II and intact domain I. The
protein is found to unfold completely at 6 M Gdn�HCl. In these
different states, ultrafast hydration dynamics were obtained for
the protein to unravel the nature of the water layer of the
different domains, I and II. We also examined the rigidity of the
selected sites by studying the anisotropy of their f luorescence on
the femtosecond and beyond time scale.

Experimental Procedures
Sample Preparation. HSA (essentially fatty acid free), Gdn�HCl,
Sephadex G-25, and L-tryptophan were obtained from Sigma.
Acrylodan (6-acryloyl-2-(dimethylamino)naphthalene, AC) and
prodan (6-propionyl-2-(dimethylamino)naphthalene, PD) were
obtained from Molecular Probes. Dialysis membrane tubing
(10-kDa cut-off) was obtained from Spectrum Laboratories,
Houston. The buffer used was 50 mM sodium phosphate buffer,
pH 7.0. Concentrations of HSA, AC, and PD in the said buffer
were determined spectrophotometrically by using �280 � 36.6
mM�1�cm�1 (13), �360 � 12.9 mM�1�cm�1 (19), and �365 � 14.5
mM�1�cm�1 (20), respectively. Deionized water (Nanopure,
Dubuque, IA) was used in the preparation of buffer. All
experiments were conducted at room temperature (25°C).

AC binds covalently to Cys-34 in domain I of HSA (Fig. 1) with
binding affinity of 2.2 � 106 M�1 (21). PD occupies the warfarin
binding site (hydrophobic and electrostatic mode of binding) in
domain II (22, 23) (Fig. 1) with a binding affinity of 3.9 � 105

M�1 (23). AC-labeled HSA (AC-HSA) was prepared by using
Wang et al.’s method (24) with minor modifications. Briefly, an
aliquot of AC in acetonitrile was added to HSA in buffer to final
concentrations of 110 and 100 �M, respectively. This mixture was
incubated at room temperature with gentle stirring for 10 h
followed by dialysis against 4 liters of 1:20 (vol�vol) acetonitrile
buffer at first and then with two changes of 4 liters of buffer each,
with an interval of 5 h. The sample was then passed through a
Sephadex G-25 column. The above sample (10 �M) was used for
hydration dynamics studies. PD-labeled HSA (PD-HSA) was
prepared by adding an aliquot of PD in acetonitrile to HSA in
buffer to final concentrations of 6.4 and 140 �M, respectively.
The final acetonitrile concentration in the solution was �0.5%.

Hydration Dynamics. The hydration dynamics experiments were
carried out by using a femtosecond-resolved fluorescence up-
conversion technique, as described (25). A femtosecond pulse of
�200 nJ was used to excite the AC and PD at 360 nm.
Fluorescence transients were collected with a time delay up to

Abbreviations: HSA, human serum albumin; Gdn�HCl, guanidine hydrochloride; AC, acry-
lodan (6-acryloyl-2-(dimethylamino)naphthalene); PD, prodan (6-propionyl-2-(dimethyl-
amino)naphthalene; �ex, excitation wavelength; r(t), time-resolved anisotropy; C(t), time-
resolved hydration correlation function.
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300 ps. Time-resolved anisotropy [r(t)] and hydration correlation
function [C(t)] decays were constructed according to the pro-
cedure reported in ref. 7 and references therein.

Unfolding Studies. Unfolding of the protein was monitored both
by fluorescence and circular dichroism (CD) techniques. Protein
solutions of 2–2.5 �M were equilibrated with various Gdn�HCl
concentrations, ranging from 0 to 8 M for 2 h at room temper-
ature before the spectra were taken. Fluorescence measure-
ments were carried out by using a Spex Industries (Metuchen,
NJ) FluoroMax-2 spectrofluorimeter with a rectangular cell of
10-mm path length. The unfolding of tertiary structure of
domain I was monitored by AC fluorescence of AC-HSA at
excitation wavelengths (�ex) of 360 and 297 nm and that of
domain II was monitored by tryptophan fluorescence of HSA at
�ex � 297 nm. The unfolding of the global secondary structure
was monitored by measuring CD at 222 nm of AC-HSA in an
Aviv Associates (Lakewood, NJ) 62A-DS spectropolarimeter
with a rectangular cell of 2-mm path length.

Results
It has been reported that binding of AC and PD to HSA does not
perturb the structure of the protein and unfolding pathway (17,
26, 27). AC and PD are naphthalene dyes that are very sensitive
to the polarity of the medium with fluorescence emission
maximum shifting from 401 nm in nonpolar cyclohexane to 531
nm in polar water (20); hence, they are suitable probes for
hydration dynamics and unfolding studies. The fluorescence is
strongly quenched in water and undergoes a dramatic increase
upon binding to proteins. The emission maximum is blue-shifted
from 525 nm to 487 nm for AC binding to HSA and to 457 nm
for PD binding to HSA (Fig. 2). This high sensitivity to the
solvent polarity is rooting from the emission from a planar
intramolecular charge transfer state in which an electron transfer
from the amino nitrogen to the carbonyl oxygen occurs, pro-
ducing a substantial excited-state dipole moment (28), similar to
other probes studied in this laboratory (ref. 7 and references
therein). The fluorophores are in different locations. AC is
covalently bound to Cys-34, which is at the surface. Although the
location of PD (Fig. 1) is away from protein surface compared
to the AC binding site, its emission maximum (457 nm) is

significantly red-shifted from that in hydrophobic medium (401
nm) (20), indicating sufficient solvent exposure for probing
ultrafast hydration dynamics. Trp-214 is buried in the interior of
the protein. Two lifetime values, �2 and �4 ns at emission
maximum, have been reported for AC-HSA in buffer (18, 29).
For free PD in buffer, a single lifetime value of �2 ns (20, 30)
and for PD-HSA in buffer, a mean lifetime value of �3 ns (31)
have been reported.

The fluorescence of free probes AC, PD, and Trp showed no
significant shift (�2 nm) in their emission maximum on increas-
ing the Gdn�HCl concentration from 0 to 6 M (data not shown),
suggesting that Gdn�HCl does not directly alter the polarity of
the fluorophore environment. But, their intensity is found to
increase (�70%). However, this finding does not hinder our
interpretation of the unfolding data, because the fluorescence
from the protein (AC-HSA and HSA) is found to decrease with
red shift, from 0 to 6 M Gdn�HCl (Fig. 2), indicative of unfolding.
Because of the very low fluorescence quantum yield of AC in
buffer, it is difficult to investigate its hydration dynamics under
the present experimental conditions. However, PD in buffer
showed substantial quantum yield, making it possible to study as
probe in bulk water. Both AC and PD are very similar in
structure and show identical emission maxima in water (525 nm).

Fig. 1. Structures of HSA, AC, and PD. The positions of the single cysteine
(Cys-34), tryptophan (Trp-214), and PD are indicated. AC binds to Cys-34 and
PD occupies the warfarin binding site. The x-ray crystal structure of the protein
was obtained from the Protein Data Bank (ID code 1ha2).

Fig. 2. Steady-state absorption and emission spectra. (A) Absorption spectra
of HSA, free AC, and AC-HSA. (B) Steady-state fluorescence spectra of AC-HSA
in buffer, 2 M Gdn�HCl, 6 M Gdn�HCl, and free AC in buffer. The excitation
wavelength was 360 nm. (C) Steady-state fluorescence spectra of PD-HSA in
buffer and free PD in buffer. The excitation wavelength was 360 nm.
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Further, it is noteworthy that the hydration is essentially inde-
pendent of structural details of the fluorophore (ref. 7 and
references therein).

Femtosecond-Resolved Anisotropy. To attribute the observed spec-
tral relaxation to the water dipolar reorientation, the contribu-
tion from the rotational diffusion of the probe and�or the
protein should be examined. We measured the r(t) of the probe
bound to HSA in buffer and in Gdn�HCl and of the free probe
in buffer (Fig. 3). There is practically no decay observed in the
r(t) of AC-HSA and PD-HSA in buffer and in Gdn�HCl, up to
300 ps, indicating that the probe is sterically restricted within the
protein matrix and that the conformational changes of the
protein are negligible. The r(t) of PD in buffer is observed to be
nearly single exponential with a rotational correlation time of
�100 ps. The change in r(t) at the earliest times is not the concern
of this study.

Femtosecond-Resolved Hydration Dynamics. Free PD in buffer. Three
representative femtosecond-resolved fluorescence up-conver-
sion transients of PD in buffer, spanning the blue edge (450 nm),
peak (520 nm), and red edge (590 m) of the emission spectrum
are shown in Fig. 3. On the blue edge, the signal is seen to decay
(�0.6 ps), whereas on the red edge it rises on a similar time scale
(�1 ps) indicative of solvent relaxation.

From this and other (data not shown) families of transients, we
constructed the time-resolved emission spectra and C(t) (Fig. 4).
The overall spectral shift is 2,313 cm�1. The C(t) shows an
apparent biexponential decay with time constants of 130 (47%)
and 770 fs (53%); any sub-100-fs component in the dynamics
would be unresolved. This behavior is typical of hydration of
molecular probe in bulk water (ref. 7 and references therein).

The observed rotational correlation time (�100 ps) is much
longer than the time scales of hydration.
AC-HSA and PD-HSA in buffer. The characteristic transients at three
wavelengths for AC-HSA and PD-HSA are shown in Fig. 3. On
the blue edge, the signal is seen to decay, whereas on the red edge
it rises. The net spectral shift is 1,680 cm�1 for AC-HSA and 916
cm�1 for PD-HSA, consistent with the behavior depicted in Fig.
2. For AC-HSA, the spectral evolution with respect to steady-
state is 78% complete at 180 ps and 81% complete at 300 ps. The
C(t), as shown in Fig. 4, is a sum of three exponentials, with the
time constants of 710 fs (23%), 3.7 ps (41%), and 57 ps (36%),
up to 180 ps. Spectral relaxation extending to longer times has
contributing factors from variation in the relative population of
multiple emitting states of distinct emission maxima (8), and�or
amino acid dipolar reorientation. The decay-associated spectra
that we constructed (data not shown) from the reported two
lifetimes and their amplitudes at various emission wavelengths of
AC-HSA (29) indicate negligible contribution of the shorter
lifetime component to the steady-state spectrum. Reported
spectral relaxation study of AC-HSA in the nanosecond range
showed two time constants of 1.4 and 13.7 ns attributed to amino
acid dipolar reorientation (29), which explains the observed slow
relaxing tail of the C(t).

For PD-HSA, the spectral evolution reached steady state, well
within 90 ps, indicating the near absence of protein dipolar
reorientation, which may be because of the relatively hydropho-
bic environment of the PD binding site as compared with the AC
binding site, consistent with their emission maxima. The C(t), as
shown in Fig. 4, for PD-HSA is a sum of three exponentials, with
the time constants of 780 fs (19%), 2.6 ps (56%), and 32 ps
(25%); any sub-100-fs components in these dynamics are unre-
solved. During the hydration time, the rotational motions of the
bound probe molecule and the protein are negligible (Fig. 3).

Fig. 3. Femtosecond-resolved fluorescence and anisotropy decays. (Left) Femtosecond-resolved fluorescence decays at three characteristic wavelengths for free
PD in buffer, AC-HSA in buffer, PD-HSA in buffer, and AC-HSA in 6 M Gdn�HCl. Many other transients were similarly obtained at other wavelengths. (Right) r(t)
at near emission maxima, for AC-HSA in buffer (490 nm), in 6 M Gdn�HCl (530 nm), PD-HSA in buffer (460 nm), and free PD in buffer (520 nm). The excitation
wavelength was 360 nm.
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AC-HSA in Gdn�HCl. The characteristic transients at three wave-
lengths for AC-HSA in 6 M Gdn�HCl are shown in Fig. 3.
Gdn�HCl has a denaturing effect on the protein (discussed
below). The C(t), as shown in Fig. 4, is a sum of three exponen-
tials, with the time constants of 280 fs (16%), 5.4 ps (36%), and
61 ps (48%) for AC-HSA in 2 M Gdn�HCl and 120 fs (20%), 2.0
ps (55%), and 13.5 ps (25%) in 6 M Gdn�HCl, up to 180 ps; any
sub-100-fs components in these dynamics are unresolved. Ad-
dition of Gdn�HCl did not bring any significant change in the
rotational motions of both the bound probe and the protein
within the experimental time window (Fig. 3).
Protein unfolding. Unfolding behavior of HSA was examined by
chemical denaturation with Gdn�HCl. The changes in the steady-
state fluorescence were monitored as a function of Gdn�HCl
concentration for AC in AC-HSA for the unfolding of domain
I and Trp-214 in both HSA and AC-HSA for the unfolding of
domain II. Gdn�HCl dependence of the integrated area under
the AC fluorescence spectrum of AC-HSA at �ex � 360 nm is
shown in Fig. 5A (solid circles). Initially there is a preunfolding
baseline with no major changes in both the intensity and peak
wavelength up to 2 M Gdn�HCl (Figs. 2 and 5A). This finding
indicates that the domain I is intact up to 2 M Gdn�HCl. The
unfolding transition occurs between 2 and 5 M Gdn�HCl with a
large change in both the intensity (50%) and peak wavelength
(490–534 nm) (Figs. 2 and 5A). The decrease in the fluorescence
intensity and the red shift of the emission maximum are in
accordance with the probe being exposed to water as a result of
unfolding. The postunfolding baseline starts �5 M Gdn�HCl

where the fluorescence intensity and emission maximum expe-
riences no major changes, indicating that the domain I is
completely unfolded at these Gdn�HCl concentrations. An iden-
tical unfolding profile for the AC emission is obtained when �ex

� 297 nm (Fig. 5A, open squares). At this excitation wavelength,
through Förster’s resonance energy transfer mechanism (18, 32),
Trp-214 fluorescence (300–400 nm) is quenched by AC, which
emits at longer wavelengths (400–650 nm). The complete over-
lap of the two unfolding curves indicates that the changes in the

Fig. 4. Time-resolved hydration correlation functions. (Upper) C(t) of AC-
HSA in buffer, PD-HSA in buffer, and free PD in buffer. (Lower) C(t) of AC-HSA
in 2 M Gdn�HCl and 6 M Gdn�HCl. C(t) of AC-HSA and free PD in buffer are
presented for comparison (see text).

Fig. 5. Protein unfolding. (A) Gdn�HCl induced unfolding curves of AC-HSA
monitored by integrated AC fluorescence intensity at �ex � 360 nm (emission
in the range of 403 to 648 nm) and 297 nm (emission in the range of 415 to 585
nm). (B) Gdn�HCl induced unfolding curves of unlabeled HSA and AC-HSA
monitored by integrated tryptophan fluorescence intensity (emission in the
range of 305 to 450 nm for HSA and 305 to 390 nm for AC-HSA) at �ex � 297
nm. In all cases, the intensity at 0 M Gdn�HCl is taken as 100%. The AC emission
at �ex � 297 nm is �2-fold lower than that at �ex � 360 nm at all Gdn�HCl
concentrations and the Trp-214 emission of AC-HSA is 5-fold lower than that
of HSA at all Gdn�HCl concentrations. The fit to the data points is according to
the nonlinear least-squares equation given in ref. 44. The trend observed in
the fluorescence of free probes at different Gdn�HCl concentrations does not
change the interpretation of our unfolding data since the fluorescence of free
probe molecules tends to increase, not decrease, with no significant shift of
spectra (see text). (C) Gdn�HCl induced unfolding curve of AC-HSA (2 �M)
monitored by CD at 222 nm. Path length of the cell was 2 mm.

13414 � www.pnas.org�cgi�doi�10.1073�pnas.0405724101 Kamal et al.



AC fluorescence caused by changes in the Trp-214 fluorescence
(accompanied by the unfolding of domain II; see below), are
negligibly small, owing to the very low quantum yield of Trp-214
(�30-fold) compared with AC.

Gdn�HCl dependence of the integrated area under the tryp-
tophan fluorescence spectrum (Raman corrected) of HSA and
AC-HSA are shown in Fig. 5B. The preunfolding baseline is up
to 1.3 M Gdn�HCl with very little change in both the intensity
(�10%) and peak wavelength (1-nm blue shift from 339 nm),
indicating the intactness of domain II. This small intensity
change is in the increasing direction for the case of AC-HSA and
caused by the slight relief in the quenching of Trp-214 from AC
due to the initial interdomain (I and II) separation, as has been
discussed by Flora et al. (18). The unfolding transition occurs
between 1.3 and 2.4 M Gdn�HCl with a 50% intensity decrease
for HSA and 30% decrease for AC-HSA. In the postunfolded
baseline (�2.4 M Gdn�HCl), the intensity does not change for
HSA, but increases by 50% for AC-HSA and is caused by the
strong relief in the quenching from AC, when domain I unfolds.

Taken together, these results indicate that, at Gdn�HCl con-
centrations of 2 M, domain I is intact with �50% of domain II
unfolded, suggesting the formation of an intermediate state. This
finding further indicates that the stabilization energy of domain
I is higher than that of domain II.

Gdn�HCl dependence of the CD at 222 nm of AC-HSA is
shown in Fig. 5C. Far UV CD (178–260 nm) of a protein
conforms to its secondary structure, and the value at 222 nm is
signature of its �-helical content (33). HSA contains �68%
�-helix (and no �-sheet) with 32% contribution from domain I,
34% from domain II, and 34% from domain III (11, 12). Fig. 5C
shows that the protein has intact helical content up to 1.3 M
Gdn�HCl. The loss of �-helical content at 2 and 6 M Gdn�HCl
are 19% and 97%, respectively, indicating loss of secondary
structure as a result of unfolding. The value at 2 M is consistent
with the unfolding of �50% of domain II, as depicted in Fig. 5B,
with the rest of the protein structure remaining essentially intact.
The near absence of �-helical content at 6 M Gdn�HCl indicates
complete unfolding of HSA. Thus, CD studies corroborate with
the fluorescence studies. Further, up to 2.4 M Gdn�HCl con-
centration, CD data show a sharp transition with loss of 40% of
the total �-helix, consistent with a highly cooperative, predom-
inant unfolding of domain II as depicted in Fig. 5B. Above 2.4
M Gdn�HCl, the transition proceeds with poor cooperativity,
indicating the involvement of many intermediate states, whose
concentration build-ups are too small to be detected as separate
transitions (1, 34).

Discussion
Summarizing the observations of hydration dynamics and un-
folding studies we can make the following points: (i) The surface
hydration behavior of the two domains of HSA differ from the
hydration of free probe. (ii) Three time scales of hydration are
obtained for domains I and II in buffer, two ultrafast time scales
with �1 close to 1 ps, and �2 close to 3 ps, and one slower time
(�3) in the range of 30 to 60 ps, reflecting the presence of two
types of water, bulk type (labile water) and surface-bound type
(ordered water). (iii) Domain I of HSA has higher stabilization
energy than domain II (from unfolding studies) and the time
scale describing the ordered water (�3) around domain I (57 ps,
36%) is �2-fold longer than that around domain II (32 ps, 25%).
(iv) Unfolding of HSA is a multistep process. The intermediate
state at 2 M Gdn�HCl is characterized by intact domain I and
unfolded domain II. The dynamics of ordered water around
domain I is nearly unchanged in 2 M Gdn�HCl (61 ps, 48%). (v)
HSA is completely unfolded at 6 M Gdn�HCl, and a faster time
scale (13 ps, 25%) is obtained for �3. Note that the time scales
for hydration (‘‘residence times’’) are not necessarily reflected in
the magnitude of the steady-state Stokes shift, because the latter

represents the integrated influence of dipole stabilization,
whereas the former is the rate of hydrogen bond breakage (ref.
7 and references therein and ref. 8). Also, note that solvation by
residues could contribute to the static Stokes shift, but for the
dynamic Stokes shifts, the time scale of hydration is different
from that of residue motion. This description is supported by the
effect of unfolding on hydration (Fig. 6) reported here (see also
discussion in ref. 7).

For domains I and II of HSA, the slow component of hydration
(�3) is 2 orders of magnitude different from bulk-type solvation
and is characteristic of protein hydration, as has been discussed
(ref. 7 and references therein). The �3 values of 57 ps (36%) for
domain I and 32 ps (25%) for domain II of HSA for the ‘‘ordered
water’’ are in line with those observed for subtilisin Carlsberg (38
ps) (35), monellin (16 ps) (25), and �-chymotrypsin (28 ps) (36)
in buffer at near neutral pH. The present study is especially
unique for two reasons. First, it reports on hydration of different
domains with distinct stabilities in the same protein. Second, the
study attempts to correlate the behavior of surface water with
protein folding and unfolding.

Our observation of a longer time scale of �3 for the relatively
stable domain I as compared with domain II suggests that the
surface water molecules in domain I are ordered and strongly
bound. It is noteworthy that �1 and �2 are similar for both
domains. The observation of relatively strong bound water with
larger contribution (37), for more stable domain I over domain
II, suggests that the hydrophilic residues of domain I are
comparatively more solvent exposed (including those that are
strongly charged and hence can have stronger hydrogen bonds
with water). In the literature there exist several models describ-
ing the driving force for folding�unfolding, and these include the
‘‘hydrophobic model’’ (burial of hydrophobic residues; dominant
entropic contribution) (2, 38), ‘‘packing model’’ (burial of both
hydrophobic and hydrophilic residues; enthalpic and entropic
contribution) (39–41), and the ‘‘burial gap model’’ (burial of
hydrophobic residues and unburial of hydrophilic residues, dom-
inant entropic contribution) (42). The differences are based on
the change in the structure of water around hydrophobic and
hydrophilic residues in the unfolded states and the entropic and
enthalpic changes that occur upon folding. Our results indicate
that hydrophilic residues are unburied and optimize the inter-
action with water, as evidenced in the increased degree of order
at the surface. The shortening of �3 from 60 to 13 ps upon
unfolding reflects the ‘‘dilution’’ of charge distribution by ex-
posed hydrophobic residues, which occupy �50% of the total
residues in random-coiled polypeptide chains. Flexibility of the
chains and their many possible conformations also contribute to
the shorter hydration time in the unfolded state.

Fig. 6. Schematic representing the native, intermediate, and unfolded states
of HSA, with the time constants of ultrafast hydration dynamics indicated. The
intermediate is characterized by intact domain I and unfolded domain II.

Kamal et al. PNAS � September 14, 2004 � vol. 101 � no. 37 � 13415

CH
EM

IS
TR

Y



For the intermediate state (intact domain I and unfolded
domain II), the nearly unchanged hydration time of 61 ps,
compared with that of the native state (57 ps), suggests that the
intactness of structure is strongly correlated to the integrity of
solvation. The value of �3 is not expected to be greatly influenced
by the added Gdn�HCl salt, because the hydration layer of the
intact regions of the protein avoid contact with Gdn�HCl to keep
their integrity. However, some change is expected because of the
slower rate of ‘‘feedback process’’ of the far-removed bulk water
(37). As noted above, in 6 M Gdn�HCl, a significantly shorter
time constant (13 ps) was obtained, and the ultrafast compo-
nents (�1 and �2) dominate the decay by �75%, suggesting that
water is now less ordered and weakly bound. It should be noted
that hydration of Trp in bulk water with Gdn�HCl (0 and 6 M)
leads to some change in C(t) decay (�1 changed from 0.2 to 0.6
ps and �2 changed from 1.1 to 4.4 ps) (25, 35), but it is still much
shorter than �3.

The residence times discussed above are significant to protein
stability, f lexibility, and function. From the study of unfolding,
domain I is more stable than domain II and is associated with a

longer residence time of the dynamically ordered water, as
discussed above. This longer water residence time may aid
kinetic trapping of the protein in the native state, assuming that
local motion on the energy landscape is correlated with water
dynamics. As for the function, it is reported that the principal
substrate binding regions on HSA are located in domains II and
III (11, 12), suggesting that the less active domain I contributes
significantly to protein stability, whereas the less stable domain
II contributes to protein function. There is a tradeoff between
stability and activity of domains I and II of HSA. From the
perspective of ultrafast hydration dynamics, the longer residence
time of surface water in domain I may increase the effective
rigidity and reduce its conformational f lexibility, which contrib-
utes to the lower activity, since protein fluctuations modulate the
entry of bulky substrates to the binding site(s). As discussed in
ref. 7 and references therein and refs. 36 and 43, the time scale
for molecular recognition should be longer than that of bulk
water, but less than that of ‘‘rigid ice’’ for it to act as an effective
lubricant.
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